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The characteristics of runoff formation on forest and field sections of drainage
basins are examined. A mathematical model 1s proposed which takes into account
the main thermophysical processes 1in the zone of aeration and can be used for
continuous calculation of snowmelt, rainfall, and snowmelt-rainfall runoff on
rivers with various degrees of forest coverage. The parameters of the model are
determined by optimization methods. A check of the model obtained on a number of
small drainage basins of the forst zone showed a good convergence of the actual
and calculated hydrographs. The relationship of the runoff volumes from field
and forest sections agrees with physical concepts.

A number of runoff formation models are presently used in hydrological forecasts. We
can first of all include among them the model of formation of rainfall floods [5] and mod-
el of formation of the spring flood hydrograph [2]. Experience shows that when reallzing
these models great difficulties arise in the transition periods, when the water-absorbing
properties of the drainage basin change very markedly as a result of freezing and thawing
of the soil. 1In connection with this it 1s not possible to construct a continuous scheme
of short-range discharge forecasts.

In this article a model is proposed which takes into account the main thermophysical
processes occurring in the zone of aeration, thanks to which it can be used for continuous
calculation of snowmelt, rainfall, and snowmelt-rainfall runoff. This model is a general-
izatlon of the model obtained earlier for a completely forested drainage basin [1] to the
case of partially forested river basins.

The conditions of runoff formation on forest and field sections differ substantially.
One of the main factors causing great differences in the water-absorbing properties in the
field and forest is the preSence of a small (of the order of 5-10 em) very loose surface
layer of soil in the forest. The data given in [7] on the texture of various soils shows
that from a depth of 5-10 cm downward the porosity of soill on field and forest sections
differs very insignificantly, whereas in the 0-10-cm layer these differences are very sub-
stantial. This circumstance permlts simplifying somewhat the model of runoff formation
for partially forested drainage basins.

- We will tentatively transfer the line of the ground surface in the forest to the in-
terface between the upper (5-10 cm) very permeable layer and the underlying soil stratum
with considerably smaller porosity. 1In other words, we will assume that in the forest all
water arriving on the soil surface is instantaneously absorbed by the upper 5-10-cm layer.
A part of this water seeps into the underlying layer and a part flows into the rivulet
network, forming a runoff close in time to the surface runoff. In that case the model car.
be constructed so that the relations for calculating the majority of the components of the
balance in the field and forest will differ only by the coefflcients.

We wlll isoclate the upper soil layer with thickness z and maximum moisture capacity

W For forest sections the upper boundary of this layer will be the 1line of the

tentative ground surface (Fig. 1). If we assume that phase transitions occur only at thre
freezing or thawing front and all moisture freezes in the zone of negative temperatures,
we can comparatively simply obtain the balance relationships of moisture for the solid ani
liquid phases ’
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wheare wt 12 wf j are the storage of liquid and solid components of moisture in the i-th
layer, vy 1s the rate of change -of the liquid component as a consequence of water exchan
with the upper and lower layers, ey ey is the rate of change of the thawed and froz
~omponents as a result of phase transitions at the upper or lower boundaries of the laye:
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Fig. 1. Schematic section of soil for forest (a) and field (b) sections of
drainage basin: c¢) line of ground surface; d) line of tentative ground surface;
1, 3, 5) layers of thawed soil; 2, 4) frozen layers.

Following Fig. 1, we will write the expressions for calculating the comporients of the
talance (thawing of the soll from below is not taken into account):
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uhere ZZ i Zu ; are respectively the lower and upper boundaries of the i-th layer, W is

the total moisture storage,

8Z;=2,i~2,;
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hw is the water supply to the soil surfacze, E 1s the evapotranspiration from the druinuse

basin, g 1s the surlazce runorl?’, ap 1» 97 ; are the interflow from the frozen and lower
Iyl N L [ .
nonfrozen zones, Gy, dp are the outflow of moisture through the lower boundaries of the

frozen and nonfrozen zones, int(x) is the integral part of variable x.

The interfaces between the frozen and thawed layers of soil were calculated by a: =; -
proximate relation [6] obtained from equations of neat transport under the following muir.
zssumptions: Inflow of heat (cold) from below is absent; the distribution of temperustic-..
in the frozer. (thawed) layer and in the snow cover is linear; at a negative (positive) e
perature all moisture is in a solid (liquid) state; the water percolating durling thawin.

does not participate in heat-transport processes:

Z(t+de) = ~NH + (VM 5 Z (O + OXT]dE L w)'h, (7)

where H and T are respectively the height of the snow cover and air temperature during tie
investigated time interval dt; Z(t) and Z(t + dt) are the positions of the interface by tr:
start and end of the calculated time interval, respectively; wis the moisture volume per-
centage at the freezing (thawing) front; Py is the density of water; L is the latent hesnt

of fusion of ice; A_ 1s the coefficient of thermal conductivity of frozen (during freezing)
and thawed (during thawing) soil.

Relationships (1)-(7) are valid both for the field and forest sections of the drainage
basin., We will assume that the structure of the relationships for calculating the water
supply, evaporation, interflow, and outflow of moisture to underlying layers is the sams
for the fileld and forest sections. Then for their calculation we can use the relationships
obtained earlier for completely forested drainage basins [1]. However, the parameters of
these relatlonships can be different for the field and forest sections.

Another fundamentally important distinctive feature of the formation of the snowmelt
runoff in the field i1s the formation of "barrier" layers, as a result of which infiltraticr
on such sections 1s almost completely absent. Such layers, as a rule, .are not formed ir
the forest. In connection with this, in the period of melting of the snow the relation-
ships for calculating the dynamics of the surface runoff in the field and forest should
differ fundamentally. ’

As was noted above, by surface runoff in the forest we will mean the runoff in the
uppermost 5-10-cm soil layer. The.infiltration rate in this case will be determined by the
water-absorbing properties of the lower-~lying soil layer. If we take into account alsc the
detention of water in the upper layer, we can obtain a relationship for calculating the
surface runoff in the forest

_ Jrllw—/){l-uxp[ 'mi(llw—l—-—E)v},l<vhw . (8)
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where I is the infiltration rate through the tentative ground surface, m is the detention
parameter.

For a field we will assume that infiltration occurs only on sections where a "barriepr"

layer has not formed. On the remalning part infiltration is absent and losses are formed
due to surface detenticn, i.e., i

rom {.(/!w— 1) s, Fy + hs(t —Fp), I<h,
IL'S(I - Fk)r I;,I

we

s=l—oxn{—my (h,— ),

where Fk is the portion of the area of Field sectlons on which a "barrier" layer was not
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{formed.

The infiltration rate for the field and forest sections was calculated by the relati,
zhip

/==k(wmp-—wNZ-Ff(w(mmﬂ"(l+~8mn-{ (10)

where mmp 1s the maximum possible productive moisture content, wy s the volume content of
1iguid moisture, Wp 1s the volume ice content, k, i, n are parameters,

©=m, -} Wy,

A substantiation of expression (10) is given, in [1].

Certailn critical relationships of the water-absorbing characteristics of the soil are
needed for the formation of the "paprier" layer. According to V. D. Komarov's laboratory
investigations [4], a "barrier" layer is formed only when a certain critical soil tempera-
ture is reached, the value of which depends on the soll moisture content. 1In practice the
depth of freezing 1s often used as an indirect characteristic of soil temperature. 1In [3
for example, the author glves the portion of the area on which a "barriep" layer formed as
a function of the product of the basin's average depths of freezing and soil moisture con-
tent obtained from experimental data.

The soill moisture content (w) and depth of freezing (Z) vary markedly over a drainage
basin. Suppose that for field sections of a particular dralnage basin there exists a cer-
tain critical value U = (Zm)k on exceeding which the soil is practically impermeable. If

we assume that Z and w at each point of the basin are independent and stable distribution
curves exist for them, then we can write the following expression for calculating the por-
tion of the area on which a "barrier" layer is not formed: S

o Mylw

Flusa)={ [ flo)}(2)dwdz (11)

fIK) = =2 ja—1p—a A, (12)

where K 1s the modulus coefficient, equal to'Zi/Z or mi/E; a is a parameter of the distri-
bution, equal to 1/05; Cv is the coefficient of variation of the ctorresponding variable;
Z, w are the mean values of the variables with respect to the drainage basin. ’

Having substituted Eq. (12) into (11) and integrated the latter, we obtain
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-
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where o, and @, are parameters of the distribution curves of the moisture content and
depth of freezing, respectively, Kw 1s the modulus coefflclent of the soil moisture con-
tent; Fg(az) is an incomplete gamma function, where g = azuk/ZGKQ.
Equation (13) is too cumbersome for practical calculations. Withou* substantial loss
of accuracy we can assume that the &, are only integers. Taking into account also that the

nonuniformity of the distribution of depths of freezing for the forest zone is considerably
greater than that of the soil moisture content, we will eliminate the effect of the varia-~
bility of the moisture content over the basin, i.e., we will set @, * = In this case we
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can simplify Eq. (12): . .
Fomil e NN @, K ) M e, — i+ 1),

=1

(14
where K, = uk/fa.

Numerical experiments showed that the differences of the calculations by Eqs. (13) =rna
(14) when a > o_ (if a, < €) are negligible, and Eq. (14) was used ther=after.
7 =

When calculating the change of Fk in the flcod period the soil moisture content i-
£g. (14) was kept uncnunged from the start of melting of the snow and the depth of fgeez-
ing was reduced by the amount of thawing of the soil by this time. Thus Fk increas=zd o
the end of the flood, approaching unity.

Komarov for calculating the maximum possible losses (for a practically unlimited wuter
equivalent of snow) suggested the following relationship:

Py = Aee~pi% = [luje-p 14 . (15)
where A, a, B are parameters.

Integrating Eg. (9) when 5, =8 = 0, o, = 1 and Fk = const, we can determine the max-
imum possible losses during the flood:

o
P, = ( ( Idt) (1 — -/ 25,
0

\

(16)

In Eg, (16) the first cofactor represents the potential total infiltration losses and the
second the portion of the area on which they are formed. Equations (15) and (16) are sim-
ilar in form, although each of the cofactors is determined on the basis of different rela-
tionships. Consequently, we can assume that Eq. (15) also indirectly takes into account
the portion of impermeable..sectlons for the case when the soid moilsture content 1is distri-
buted uniformly over the area and the depth of freezing is close to a gamma distribution
with parameter @, = 1.

All balance equations.both for the field and forest were solved separately for snow-
covered sections of the drainage basin and sections freed from snow. The surface runoff
and interflow from the fleld and forest sections were determined as the weighted average
values with consideration of snow coverage. In calculating the runoff hydrograph at the
basin outlet transformation was accomplished differently depending on the value of the
coefficient of forest coverage (y). For practically completely forest or field drainage
basins (0.25 > y > 0.75) the weighted average surface and inferflow components of the run-
off for the entire basin were transformed. In the remaining cases the forest and field
components of the surface runoff were transformed separately, and the interflow was summed
without additional transformations.

The model obtained includes a number of coefficients which can vary for different
pvarticular drainage basins. Some of these coefficients ;take into account the effect of
various zonal factors of runoff formation and vary llttle for basins locatedwithin the
iimits of the same zone., Other parameters reflect the effect of local characteristics of
runoff. formation and can substantially differ for different basins located even within
homogeneous zones. In connection with this, the success of using the model for particular
drainage basins depends in many respects on the reliability of estimating the coefficients
of the model reflectinglboth zonal conditions of runoff formation and lodii'characteristics
of the drainage basin. =

Testing and further development of the model were performed on the basis of the data

of flve small (drainage area 5000~-10,000 km2) drainage basins of the forest zone in the
Volga and Dniepr River’bgsins for which a flood in the presence of a relatively stable snow
cover 1s characteristic. The coefficient of forest coverage for these drainage areas
varied from 0.25 to 0.80. Data of standard observations of the snow cover, daily air temp-
¢ratures and saturation defilcit, precipltation, and water discharges at the basin outlet
were used. Data on the variation of the depth of freezing and thawing of the soll were
used only for a qualitative analysis of the results of calculating these characteristics.
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An optimization method with a quality criterion eéqual to the sum or the squares or tr
deviations of the actual and calculated water dlscharges was used for determining the para
meters [5], The parameters were optimized in two stages. At first the most significant
sarimeters which were practically impossible to measuyre or calculate directly were op-
timized. Primarily the coefficlents of Egs. (8)-(10) and the transformation parameters be
leng to this group. The number of these parameters for drainage basins with various forest
coverage can vary from 9 to 13. The other parameters of the model (maximum 5011 moisture
capacity, evaporation parameter, thawing coefficients) were not included ip optimization,
and their values were determined by actual measurements or from the balance relationships.
Combined optimization of the parameters of the first and second Eroups was performed in the

second stage.
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Flg. 2. Actual (1) and calculated (2, total; 3, from fileld; L, from forest)
runoff hydrographs. a) Dniepr River, Dorogobuzh city; b) Cheptsa River, Glazov

city.

accuracy of calculating the discharges for dependent and independent (the data were. not
used in optimization) samples. This 1is attested to also by the weak varliability of the
majority of parameters on passing from basin to basin. Therefore, we can expect that when
the model is extended to other drainage basins of the forest zone it will be possible to
reduce the number of parameters being optimized.

The actual and calculated runoff hydrographs for two dralnage basins, shown in Flg. 2,
give an idea about the accuracy of calculating discharges during the spring flood. An ana-
LCEZous accuracy was obtalnedalso for rainfall and snowmelt-rainfall floods, Figure 2 shows
2l30 the hydrographs formed on field and forest sections of the drainage basins. The co-
efficients of forest coverage of the drainage basins of the Cheptsa and Dniepr Rivers to the
' basin outlets are respectively equal to 0.40 and 0.42. Considerable phase and amplitude
differences of the hydrographs from the field and forest secticns are clearly observed on
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the graphs. Thus if we regard a drainage basin as purely field or forest, we can harualy
attain a satisfactory accuracy of calculating the hydrographs at the basin outlet. Calzu-
lations showed that such an approximation is acceptable for coefficients of forest CovVeErL e
within 0.25 > vy > 0.80.

The depths of runoff during the flood from the fleld sections of these busins calou-
lated by the proposed model exceed the corresponding values for the forest sections fcr all
years. The average coefficients of runoff from the field and forest sections cf the basin
of the Cheptsa River were equal to 0.76 and 0.44 and for the Dnlepr 0.77 and 0.62. The sume
such runoff coefticients for the Cheptsa River were obtained in [7] on separating the tois:
runoff during'the flood into fileld and forest components by the method proposed by Xorurc-.
The ratio df these components variles from year to year within wide limits (for the investi-~
gated samples, from 1.03 to 1.9).

I conclusion we can note that the model obtained takes into account the characteris-
tics of runoff formation on field and forest sections of a drainage basin and can be used
Tor calculating the snowmelt, rainfall, and snowmelt-rainfall runoff for small rivers or
the forest zones with various degrees of forest coverage.,

REFERENCES

1. V. A, Bel'chikov and V. I. Koren, "Model of the formation of snowmelt and rainrall
runoff for forest drainage basins," Trudy Gidromettsentra SSSR, no. 218, 1979,

2. A. P. Zhidikov et al., Method of Calculating and Forecasting Floods for a Sequelice
of Reservoirs and River Systems [in Russian], Gldrometeoizdat, Leningrad, 1977.

3. A. A. Kapotov, "Estimatlon of infiltration losses of runoff during the spring
floodé" in gollection: Transactions of the 4th All-Union Hydrologic Congress [in Rusegiun],
vol. s 1976.

4. v, p. Komarov, "Laboratory investigations of permeability of frozen soil," Trudy
TsIP, no. 54, 1957, .

5. V. I. Koren and L. S. Kuchment, "Mathematical model of the formation of rainfa'il
floods, optimization of its parameters, and use in hydrological forecasts,” Meteorologiya
i Gidrologiya, no. 1, 1971. o 5

6. A. V. Pavlov, Heat Exchange of Freezing and Thawing Soils with the Atmosphere
[in Russian], Nauka Press, Moscow, 1965.

. T+ L. M. Uskova, "Comparative characteristics of the conditions of formation and
coeffilcients of runoff of snowmelt on treeless and forest parts of abasin," Trudy Gidromet-
tsentra SS3R, no. 84, 1971,

27'Fébrdary 1980 USSR Hydrometeorological. Research Center

66



